INTRODUCTION
A strong association between migraine headache and vascular malfunction has been shown in literature. Active cerebral vasodilation is believed to be a major factor in inducing migraine headaches [1] . However the relation is unclear and a thorough study is required to understand the disturbance of cerebrovascular activity [2] .
Current measurements of the cerebrovascular flow generally used non-specific blood flow monitoring methods or invasive imaging methods. Most physiologists use Laser Doppler Flowmetry (LDF). However, LDF yields regional blood flow changes and cannot resolve flow in specific blood vessels. Methods involving microsphere introduction are mostly sacrificial. Methods involving dye introduction, for the purpose of contrast enhancement or particle tracking, run the risk of altering the physiological environment. Two-photon Imaging has been developed but the cost of the system is very expensive and allows only microscopic examinations and not wide field observation of blood flow [3] .
Measurement of the hemodynamic response during functional brain activity has also been studied by Blood Oxygenation Level Dependent (BOLD) model of functional Magnetic Resonance Imaging Positron Emission Tomography (PET) and Xenon Computed Tomography (XeCT). These techniques suffer both in terms of spatial resolution and in terms of limited use in continuous monitoring over extended periods of time [4] . Optical Intrinsic Signal Imaging has been developed for functional brain activation based on intrinsic signals, but in most intrinsic optical imaging approaches the cortex has to be exposed [5] .
LSI method has recently gained interest, especially in basic animal studies, because it does not require any dye or injection of particles, the equipment and the set up is relatively simple, and continuous high resolution optical images of cerebral vasculature can be obtained from the laser speckle contrast [6, 7] . We have recently demonstrated a high spatiotemporal resolution LSI method to reveal the vasomotor activity and blood flow response simultaneously [8] . In this paper we extend the LSI technology to include a multifunctional study of the vascular response. Blood vessel size reflects the local response in vessels, while blood flow reflects both local and global responses and oxy-and deoxy-hemoglobin saturation reflects the metabolism response. Jones et al. have presented a system combining LSI with multi-spectral reflectance imaging to yield blood flow and oxygen metabolism in focal cerebral ischemia [9] . But the system was simply a combination of two imaging system, and requires multiple light sources and registration between different imaging modalities. Using an improved version of our previously described [8] LSI system, we obtain information on both deoxy-hemoglobin saturation and blood flow changes simultaneously using one single laser source. This is the first study using one imaging settings to simultaneously characterize the response of cerebral blood flow and the hemoglobin oxygenation during and after the trigeminal nerve activation.
II. METHODS

A. Animal Preparation
Adult female wistar rats (150-200g) were anesthetized with an intraperitoneal injection of 2ml/kg of sodium pentobarbitone. The rats were placed in a stereotactic frame (David Kopf
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Instruments, Tujunga, CA). The scalp was shaved and disinfected with 70% ethanol and povidone-iodine solution. After a midline scalp incision, a 5 mm×5 mm area centered on the following coordinates: 3.5 mm lateral to and 3 mm posterior to the bregma was thinned using a high speed dental drill (Fine Science Tools Inc. North Vancouver, Canada), until the underlying Middle Meningeal Artery (MMA) was visualized. Mineral oil was applied to the thinned skull to keep the interested area moist. All procedures were performed using standard sterile precautions. Rectal temperature was maintained at 37˘C throughout using a homeothermic blanket system.
B. Electrical Stimulation
Peripheral trigeminal nerve stimulation was carried out by a programmed repetitive stimulus pattern. A bipolar stimulating electrode (NEX200, Rhodes Medical Instrument. Summerland, CA) was mounted on the surface of the cranial window approximately 200 μm from the interested branch of MMA using a precision micromanipulator. Following the previous studies [2] , the trigeminal fibers were stimulated with a 1 ms pulse train at 5 Hz for a duration of 10s using a stimulator (Grass-Astro-Med. Inc., W. Warwick, RI). The stimulation threshold current was of around 5μA. A rest period of about 20 minutes was given before the subsequent stimulation trials to allow the vessels to return to the baseline state.
C. Imaging Instruments
The subject animal was transferred to the imaging stage after the surgery. The imaging stage was an x-y adjustable stage for precise localization of regions of interest. A 12 bit (1280 x 1024) cooled CCD camera (PCO, Kelheim Germany) was positioned above the prepared animal. The camera was controlled by a dedicated frame grabber card on an image acquisition computer. A 60 mm f/2.8 macro lens (Nikon Inc., Melville, New York, USA) was mounted using a C mount to a Nikon F mount adapter. A 0.5 mW, 632.8 nm red HeNe gas laser (JDSU, Milpitas, California, USA) was mounted around the stage, used for optical imaging. The laser beam was diverged to cover the region of interest. The laser source was used for imaging both deoxy-hemoglobin saturation response and blood flow response. This guaranteed that the two modalities of optical information were from the same region and the same depth in the brain.
D. Temporal Laser Speckle Contrast and Blood Velocity
Speckle is a random field intensity pattern produced by the mutual interference of partially coherent beams that are subject to minute temporal or spatial fluctuations [10] . When a medium contains moving particles, such as blood cells in vessels, the speckle pattern resulting from constructive and destructive interferences fluctuates. The velocity of the particles will affect both the speckle intensity and frequency. By analyzing the temporal and spatial statistics of the fluctuations, we can extract the motion information of the particles. The temporal laser speckle contrast can be defined as [11] σ is the square of the standard deviation of time-varying speckle intensity. This procedure does not lose any spatial resolution but requires several sequential images to be generated to obtain the processed image [7] . To maintain high temporal resolution, a sliding window along the time sequences of the raw image was applied.
E. Detecting Deoxy-hemoglobin Saturation Changes
In the experiment, the raw laser reflectance images were obtained from the same laser source 632nm as used for speckle contrast calculation. The strength of the intrinsic signal is shown as the intensity of each pixel in the raw laser reflectance image obtained during the experiment. We obtained continuous recording of baseline data for 10s, during stimulation data for 10s, and after stimulation data for around 5min. To reduce the illumination artifacts and other noise sources, every 10 raw laser images were averaged to get one reflectance image. Previous studies have shown that 600nm-630nm the optical intrinsic signal emphasizes deoxyhemoglobin saturation changes [12] , and the absorbance of oxy-hemoglobin is negligible compared with that of deoxyhemoglobin [13] . The change in absorption of deoxyhemoglobin is generated by comparing raw laser reflectance images of the thinned skull cranial window at rest with those images taken during and after trigeminal nerve stimulation. To maintain the temporal resolution, a sliding time window is used to get the average reflectance image. Fig. 1 shows the averaged laser reflectance image and the temporal laser speckle contrast image of the same area. 
III. RESULTS AND DISCUSSIONS
Eight animals were studied with similar regions of interests in corresponding pairs of arterioles and venules being selected for comparison. Our results show that for each pair, the hemodynamic changes were greater in the venules than in the arterioles. Figure 2 shows the calculated change between the baseline laser reflectance image and the laser reflectance images taken before, during, and after the stimulation. The magnitude of the decrease was shown in Figure 2 by pseudo color mapping. The color bar shows the mapping between the decrease percentage magnitudes and the colors. It can be seen that the two main cortical venules close to the stimulation site showed a remarkable increase in the reflectance. This means a decrease in deoxy-hemoglobin saturation, and that the decrease pattern appears to be propagating from distal to proximal point of the venule branch. The mean peak reduction of the deoxy-hemoglobin saturation in venules was 9±2% and the decrease in arteries was shown as 3±1%. Analysis of the speckle contrast images before, during and after the stimulation showed a 71±6% mean peak increase in the blood velocity in the venules, versus a 62±3% mean peak increase in case of arterioles.
IV. CONCLUSIONS
In this study we exploit the high temporal-spatial resolution of our laser speckle imaging instrumentation. This is the first study to optically characterize the transient stimulation dependent responses of both deoxy-hemoglobin concentration and blood flow simultaneously. Since the camera and illumination set up for detecting deoxy-hemoglobin saturation changes are exactly the same as that for calculating blood flow through laser speckle contrast, we obtained the changes of deoxy-hemoglobin saturation and blood velocity in the blood vessel simultaneously for the same area and depth in the brain. The instrumentation is very simple, no contrast agents are needed, and no post registration is needed for the two imaging modalities: reflectance image and contrast image. The study of both deoxy-hemoglobin saturation and blood flow should provide a deeper understanding of the transient neurovascular response to neural stimulation, with possible relevance and application to migraine and other neurovascular disorders.
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